窒素リッチ排水の高効率処理に用いる担体流動床型アナッモクスプロセスの開発 by ZHANG  YANLONG
Development of the Anammox Attached Film
Expanded Bed Reactor for Effective Treatment
of High-Strength Ammonia Wastewater




          チョウ エン ロン 
氏 名          張 彦 隆 
研究科，専攻の名称 東北大学大学院工学研究科（博士課程）土木工学専攻 
学 位 論 文 題 目           Development of the Anammox Attached Film Expanded Bed 
Reactor for Effective Treatment of High-Strength Ammonia Wastewater （窒素リッチ排
水の高効率処理に用いる担体流動床型アナモックスプロセスの開発）論 文 審 査 委 員          
主査 東北大学教授 李 玉友  
          東北大学教授 西村 修 東北大学准教授 久保田 健吾  
          東北大学准教授 坂巻 隆史                     
論文内容要約 
※題名については，「要約」として下さい。 
The removal of ammonia from wastewater has become a worldwide urgency because ammonia is toxic to aquatic species and 
causes eutrophication in natural water environments. Nitrogen compounds in wastewater can be effectively removed by 
biological approaches. Based on the microbial nitrogen cycle and the metabolism of inorganic nitrogen compounds, many 
biological technologies and processes have been developed for nitrogen removal from wastewater. These processes have been 
widely employed in wastewater treatment plants for nitrification and denitrification. However, with the effluent discharge 
standards having become more stringent, conventional processes cannot meet the new requirements. The anaerobic 
ammonium oxidation (anammox) process that developed at Delft University of Technology in the 1990s, is a novel and 
low-cost approach to removing nitrogen from wastewater. In the anammox process, ammonia is oxidized to nitrogen by 
anaerobic AOB with nitrite as the electron acceptor. Hydrazine and hydroxylamine are the intermediate products. External 
carbon sources are not needed in Anammox because carbon dioxide serves as the main carbon source for anaerobic AOB. The 
reaction in the anammox process results in a 60% reduction in energy consumption as well as a 90% reduction in CO2 
emissions, in effect minimizing the carbon footprint of wastewater treatment plants. However, it is still limited in application 
since it is very sensitive to many environmental factors. In this study, we focused on the research of inhibitory mechanisms 
from multi-factors on the anammox process. Depending on the results, the AAFEB reactor was developed and the operation 
strategies were optimized to enhance the treatment potential as well as the operation stability of the anammox process.   
  There are 3 parts with 8 chapters in this thesis and the structure was illustrated in Figure 1. 
  In the first study (chapter 3), an Upflow Anaerobic Sludge Blanket (UASB) reactor was operated for 900 days to study 
inhibition processes caused by a high substrate concentration, lack of K+ and overloading. The results indicated that all the 
inhibition processes led to the excess of substrate that further inhibited the anammox reaction. In the substrate-based inhibition 
processes, ammonium, nitrite and unsuitable pH were shown to synergistically inhibit the anammox activity. Free nitrous acid 
(FNA) was considered the most toxic factor and should be kept below 1.5 μgL-1 to maintain stable operation over the 
long-term in the UASB reactor. The SAA (specific anammox activity) tests also indicated that nitrite played a major role in the 
substrate-based inhibitory processes. After three inhibition episodes, the substrate tolerance ability was significantly improved 
in the batch tests. While all the inhibition processes were able to be reversed by various compensation methods, restoration was 
time consuming. 
 
Figure 1 The structure of this thesis 
 Depending on the performance of the UASB reactor, we developed a new type of reactor, which was considered more 
promising for the appliacation of anammox process (Fig.2). The anammox attached film expanded bed (AAFEB) reactor was 
operated to study the long-term performance and to find the optimum operation conditions for enhancing the stability and 
treatment potential. 
 During the long-term operation of the AAFEB reactor, the inhibitory concentration of 10% (IC10) for free ammonia (FA), 
free nitrous acid (FNA) and SNinf (diluted substrate concentration) increased from 18 mg/L, 12 μgL-1 and 370 mgNL-1 to 31 
mgL-1, 19 μgL-1 and 670 mgNL-1, respectively. However, the substrate shock of 2500 mgNL-1 for 24 hours terribly weakened 
the treatment performance and substrate tolerance ability of the reactor. The results of batch tests indicated that the existence of 
lag phase made the AAFEB reactor more vulnerable to substrate variation. The SNinf was accurate to be used to monitor the 
reactor performance and should be maintained below 320 mgNL-1 to ensure the absolute stable operation. The stimulation 
effects of the substrate shock on the EPS production and then treatment performance of the AAFEB reactor was also 
investigated. The results indicated that the substrate shock triggered abundant EPS excretion and resulted in 35% decrease in 
granule settling velocity and 27.2 % reduction in the total VSS amount. The variation of EPS was reasonably attributed to the 
impact of utilization-associated and stress-associated effects by substrate. Batch experiment was also implemented and the 
results indicated that loosely-bound EPS (LB-EPS) was significantly improved and identified as the key factor, which was 
responsible for the deterioration of reactor performance and granule stability. 
 
Figure 2 configuration of the AAFEB reactor and the structure of the attached film anammox granule 
 In the AAFEB reactor, extending the hydraulic retention time (HRT) with a constant nitrogen loading rate (NLR) may led to 
the accumulation of soluble microbial production (SMP) in an autotrophic reactor and thus affect the performance of an 
anammox reactor. In this study, the HRT of the AAFEB reactor was extended from 1.5h to 24.0h with a constant NLR of 5 gN 
(L·d)-1. The recirculation ratio was increased from 2.5 to 40 to ensure the diluted substrate concentrations were lower than the 
toxic threshold concentration. During the long-term experiment, when the SMP increased from 10.5 ± 1.5 mgL-1 to 31.7 ± 6.4 
mgL-1, the reactor performance was stable even enhanced. However, when the SMP concentration was higher than 100 mg L-1, 
the reactor was soon inhibited. Bath tests indicated that the specific anammox activity (SAA) as well as the substrate tolerance 
ability were decreased during the stable operation phases, whereas, the specific denitrification activity (SDA) was significantly 
enhanced. In addition, compared with the conventional nitrogen process, the N2O emission was enhanced in the 
anammox-denitrifier symbiotic system though biotic pathway and abiotic pathway.  
  Though the above researches on the AAFEB reactor. We suggested the operation strategies of short HRT and low substrate 
concentration to maintain the diluted substrate concentration lower than the absolute safe value of 320 mgNL-1 and to avoid the 
accumulation of EPS and SMP. The pH should also be controlled in the optimum range of 7.8-8.5. Following these operation 
strategies, the AAFEB reactor performed stable and high efficiency for the treatment of high strength ammonia wastewater. 
The nitrogen removal rate increased from 4.23±0.13 gN·(L·d)-1 to 44.89±0.33 gN·(L·d)-1 in 160 days. Meanwhile, the nitrogen 
loading potentail increased from 18.77 gN·(L·d)-1 to 64.04 gN·(L·d)-1. The super high settling velocity ehnhanced the sludge 
retention ability and thus ensured the stable operation of the high-loading AAFEB reactor.  
  For the further development of the anammox process and the AAFEB reactor, the following concerns should be further 
studied: 
  Most of the constructed full-scale anammox installations were used for the treatment of side stream municipal wastewater 
(reject water) and industrial wastewater. The application of anammox process for the treatment of mainstream municipal 
wastewater is still limited. The further study of anammox process for treating the low ammonia concentration and low 
temperature wastewater is necessary. 
  Determining the appropriate seeding sludge and reactor configuration is crucial to rapidly build an Anammox process. 
However, further investigation into the microbial assemblages of bioreactors and their relationship to the performance of the 
system is required. This will provide new perspectives for the future design, operation, and maintenance of the anammox 
process. 
  Although the negative effects of different factors influencing the anammox process have been extensively reported, the 
discrepancy between the results of these studies is considerable. This makes it difficult to predict, model or design anammox 
based processes. The solution to this problem lies in using a highly purified and suspended cell anammox culture to determine 
the intrinsic physiological character of anammox bacteria. 
  The shortage of seeding anammox source is an obstacle for engineering application. The bottleneck problem resulting for the 
slow growth of cells might be solved by the rapid enrichment of anammox bacteria in a member reactor in a suspended free 
cell. In addition, cost and time efficient simple storage methods for anammox bacteria preservation need to be developed for 
rapid startup and process recovery. 
  With their lower energy demand and cost-effectiveness, the development of simultaneous Sharon, anammox and 
denitrification may prove useful for the treatment of real wastewater with low C/N, such as landfill leachate, digester effluents, 
de-ammonification and recirculating aquaculture systems. It is suggested that combining anammox, denitrification, and 
sulphidogenesis into one phase may prove helpful in removing ammonia, organic carbon and sulphate simultaneously with 
co-cultured functional bacterial communities. 
 
  
  
